In contrast to the impact of nutritional intervention on post-exercise muscle protein synthesis, little is known about the potential to modulate protein synthesis during exercise. This study investigates the impact of protein co-ingestion with carbohydrate on muscle protein synthesis during resistance type exercise. Ten healthy males were studied in the evening after consuming a standardized diet throughout the day. 
Introduction
Many studies have assessed the impact of nutritional modulation on muscle protein metabolism during post-exercise recovery. Exercise has been shown to stimulate both muscle protein synthesis (3, 26, 29, 34 ) and protein breakdown (3, 26, 29) , but in the absence of food intake net protein balance remains negative (3, 26) . The ingestion of carbohydrate following resistance type exercise attenuates the exercise induced increase in protein breakdown, thereby improving net muscle protein balance (9, 25, 28). However, the ingestion of protein and/or amino acids is essential to stimulate post-exercise muscle protein synthesis and, as such, to achieve a positive net muscle protein balance during recovery from exercise (4, 10, 20, 25, 27, 33).
Previous studies have reported that protein turnover is either decreased or unchanged during resistance (14, 15) and endurance (11, 12, 18, 40, 41) type exercise activities.
In contrast to protein metabolism during post-exercise recovery, little is known about the effects of nutritional intervention on muscle protein synthesis during exercise. So far, only 2 studies have examined the role of nutrition on whole-body protein turnover during exercise (18, 35) . These studies report an improvement in whole-body protein balance following protein co-ingestion during either prolonged endurance (18) or resistance type exercise activities (35). In the latter study, Tipton et al. (35) suggest that protein ingestion before, as opposed to after, exercise could further augment net muscle protein accretion during recovery. This has been attributed to a more rapid supply of amino acids to the muscle during the acute stages of post-exercise recovery.
However, it could also be speculated that protein ingestion prior to and/or during resistance type exercise already stimulates muscle protein synthesis during exercise, thereby creating a larger timeframe for muscle protein synthesis to be elevated.
Page 3 of 32
However, the impact of protein co-ingestion on muscle protein synthesis during exercise has not yet been established.
Studies that have reported on the benefits of protein ingestion on post-exercise recovery generally investigate subjects in the overnight fasted state (4, 10, 20, 25, 27, 33, 35). Under these conditions, it might be speculated that endogenous amino acid availability from the gut (13) and/or the intramuscular free amino acid pool might be limiting. Such post-absorptive conditions differ substantially from normal everyday practice, in which recreational sports activities are generally performed in the evening in a fed state. So far, no data are available on the impact of protein and carbohydrate co-ingestion on muscle protein synthesis during resistance type exercise under normal, fed conditions.
In the present study, we assessed the surplus value of protein co-ingestion with carbohydrate during resistance type exercise on whole-body protein balance and skeletal muscle protein synthesis rate under normal, practical conditions, during which exercise is being performed in the evening after the consumption of a standardized diet throughout the day.
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Methods
Subjects
Ten healthy, male volunteers participated in this study (age: 20±1 y, bodyweight: 69.1±2.4 kg, height: 1.79±0.03 m, body mass index: 21.6±0.7 kg/m 2 , percentage body fat: 12.0±1.3%, Table 1 ). All subjects were recreationally active but were not enrolled in any regular exercise program. Subjects were fully informed on the nature and possible risks of the experimental procedures, before their written informed consent was obtained. The study was approved by the Medical Ethical Committee of the Academic Hospital Maastricht, The Netherlands.
Pretesting
All subjects participated in 2 screening sessions, separated by at least 5 days. In the morning following an overnight fast, body composition was determined by the hydrostatic weighing method. Body fat percentage was calculated using Siri's equation (31). Leg volume was measured by anthropometry (16) and averaged 8.2±0.4 L. Subsequently, subjects were familiarized with the exercise equipment and exercise procedure. Proper lifting technique was demonstrated and practiced for each of the upper-body exercises (chest press, shoulder press and lat pulldown) and for the 2 lower-limb exercises (leg press and leg extension). Thereafter, maximum strength for the 2 leg exercises was estimated, using the multiple repetition testing procedure (24).
In the second screening session, subjects' 1 repetition maximum (1RM) was determined for the 2 leg exercises (22). After warming up, the load was set at 97.5 % of the estimated 1RM, and increased after each successful lift until failure. Between successive attempts, 5 min rest periods were allowed. A repetition was valid if the subject used proper form and was able to complete the entire lift in a controlled manner without assistance. In addition, subjects performed an incremental exhaustive exercise test on an electronically braked cycle ergometer (Lode Excalibur, Groningen,
The Netherlands) to measure their maximal oxygen uptake capacity (Vo 2 max ) and workload capacity (W max ) (23).
Diet and activity prior the experiments
All subjects received a standardized diet the evening prior to each experimental day Subjects were provided with measured amounts of all food products and ingested all meals/snacks at pre-determined time intervals. In both experiments, subjects ingested 78±3 g protein via the standardized diet, with an additional 21±1 g supplemented in the CHO+PRO treatment. All volunteers were instructed to refrain from any sort of heavy physical labour and to keep their diet as constant as possible 2 days before the experimental day. In addition, subjects filled in food intake and physical activity questionnaires for 2 days prior to the start of the first experiment, which were used to standardize food intake and physical activity prior to the second experiment.
Design
Each subject participated in 2 treatments separated by at least 2 weeks. During the experimental day, all subjects received a standardized diet (breakfast, lunch, dinner and snacks), participated in their normal daily activities and reported to the lab in the 
Experimental protocol
At 7.00 p.m., 2 h after ingesting a standard diner, subjects reported to the laboratory, where a Teflon catheter was inserted into an antecubital vein for the primed, continuous infusion of isotopically labelled phenylalanine and tyrosine. A second
Teflon catheter was inserted into a contralateral hand vein, which was placed in a hotbox to allow arterialised blood sampling. After a background blood sample was collected (t=-60), tracer infusion was started and subjects rested in a supine position for 1 h. Before engaging in the exercise protocol (t=0 min) the first muscle biopsy was collected, after which the first bolus of test drink was ingested (4.5 ml·kg -1 ).
During exercise, subjects received subsequent boluses (1.5 ml·kg -1 ) of the test drink every 15 min. The exercise protocol consisted of an interval-cycling program followed by whole-body resistance type exercise training. After a 10 min warm-up on a cycle ergometer (50% W max ), subjects cycled 4 x 5 min at 65% W max , alternated by 4 x 2.5 min at 45% W max . No rest periods were allowed between cycling intervals.
After a 5 min resting period, subjects started with the resistance type exercise protocol, consisting of an upper-and a lower-body workout. The upper body workout was performed with a workload set at 40% of the total bodyweight, in which subjects completed 5 sets of 10 repetitions on 3 upper body machines (chest press, shoulder press and lat pulldown). A resting period of 1 min between sets was allowed. This was followed by a lower limb workout, which consisted of 9 sets of 10 repetitions on the horizontal leg press machine (Technogym BV, Rotterdam, The Netherlands) and 9 sets of 10 repetitions on the leg extension machine (Technogym 
Muscle biopsies
Muscle biopsies were obtained from the middle region of the vastus lateralis muscle (15 cm above the patella) and approximately 2 cm below the entry through the fascia by means of the percutaneous needle biopsy technique described by Bergström et al (2) . The pre-and post-exercise biopsies were taken through the same incision, with the needle pointing in distal and proximal direction, respectively. As such, the biopsies were taken approximately 10 cm apart, to prevent any influence of the preexercise biopsy on protein turnover in the post-exercise biopsy (21). All samples were carefully freed from any visible fat and blood, immediately frozen in liquid nitrogen, and stored at -80 ºC for subsequent analysis.
Plasma analysis
Blood samples (8 ml) were collected in EDTA containing tubes and centrifuged at 1000 g and 4°C for 10 min. Aliquots of plasma were frozen in liquid nitrogen and 
Muscle analyses
For measurement of L-[ring-13 C 6 ]phenylalanine enrichment in the free amino acid pool and mixed muscle protein, 55 mg of wet muscle was freeze-dried. Collagen, blood and other non-muscle fiber material were removed from the muscle fibers under a light microscope. The isolated muscle fiber mass (2-3 mg) was weighed and 8
volumes (8x dry weight of isolated muscle fibers x wet/dry ratio) of ice-cold 2% perchloric acid (PCA) were added. The tissue was then homogenized and centrifuged.
The supernatant was collected and processed in the same manner as the plasma
and L-[ring-13 C 6 ]tyrosine enrichments could be measured using their TBDMS derivatives on a GC-MS. The free amino acid concentration in the supernatant was measured using an HPLC technique, after precolumn derivatization with ophthaldialdehyde (36). The protein pellet was washed with 3 additional 1.5 ml washes of 2% PCA, dried and the proteins were hydrolyzed in 6M HCl at 120°C for 15-18 h.
The hydrolyzed protein fraction was dried under a nitrogen stream while heated to 120°C, then dissolved in a 50% acetic acid solution, and passed over a Dowex exchange resin (AG 50W-X8, 100-200 mesh hydrogen form, Biorad, Hercules, CA, USA) using 2M NH 4 OH. Thereafter, the eluate was dried and the purified amino acid fraction was derivatized into the ethoxycarbonyl-ethylesters to determine the 13 Cenrichment of protein bound phenylalanine using GC-IRMS (Finnigan, MAT 252). 
At isotopic steady state, whole-body phenylalanine oxidation can be determined from the conversion (hydroxylation) of L-[ring-13 C 6 ]phenylalanine to L-[ring-
13
C 6 ]tyrosine.
The rate of hydroxylation (Q pt ) was calculated (32) using the formula 
Statistics
All data are expressed as means±SEM. The plasma insulin, glucose and amino acid responses were calculated as area under the curve. A 2-factor repeated measures analysis of variance (ANOVA) with time and treatment as factors was used to compare differences between treatments over time. In case of significant F-ratio's, Scheffe's post-hoc tests were applied to locate the differences. For non-time dependent variables, a paired Students' t-test was used to compare differences in treatment effect. Statistical significance was set at P<0.05. All calculations were performed using StatView 5.0 (SAS Institute inc., Cary, NC, USA).
Results
Exercise session
The average workload that was applied in the cycling protocol was 152±6 W for the first 10 min and 198±7 and 137±5 W for the interval protocol, respectively. For the upper-body workout, the resistance was set at 40% bodyweight, which averaged 27.5±0.8 kg. For the leg workout, subjects performed 3 sets of 10 repetitions at 55% 1RM, 3 sets at 65% 1RM, and 3 sets at 75% 1RM. This resulted in 119±6, 141±7 and 163±8 kg lifted in the leg press, respectively. On the leg extension 67±2, 79±3, and 90±4 kg were lifted, respectively. Two subjects were unable to complete the last 3 sets of the leg exercises at 75% 1RM, and continued exercise at 65% 1RM. This change in protocol was recorded and repeated during the second experimental day.
Plasma analyses
Plasma glucose and insulin concentrations tended to decrease during the first 30 min of exercise. Thereafter, concentrations increased to 5.9±0.2 and 6.2±0. Figure 2 . Overall, enrichments were significantly lower during the entire exercise trial in the CHO+PRO compared to the CHO treatment (P<0.01).
Whole-body protein metabolism
Phenylalanine flux was higher in the CHO+PRO compared with the CHO experiment and averaged 70±3 and 54±2 µmol·kg -1 ·h -1 , respectively (P<0.01). Tyrosine flux was also higher in the CHO+PRO experiment, 115±8 vs 58±3 µmol·kg 
Mixed muscle protein synthesis rates
Mixed muscle protein fractional synthetic rates (FSR), using mean plasma L-[ring- Table 3 . In one subject, a post-exercise muscle biopsy could not be obtained.
Therefore, FSR and free intracellular tracer enrichments are presented for 9 subjects only.
Discussion
In the present study, we prove that, even in the fed state, protein co-ingestion (0. reported that protein ingestion prior to resistance type exercise stimulates postexercise muscle protein synthesis more effectively than protein ingestion after exercise. The latter was attributed to a more rapid provision of amino acids to the muscle during the acute stages of post-exercise recovery (35). However, based on their data, it could also be speculated that protein ingestion prior to and/or during resistance type exercise already stimulates muscle protein synthesis during exercise activities.
In the present study, we observed that protein co-ingestion elevates whole-body protein synthesis rates and, as such, improves whole-body net protein balance during resistance type exercise ( Figure 3A ). Of course, estimates of whole-body protein synthesis and/or net protein balance do not necessarily reflect skeletal muscle protein synthesis (13). Therefore, we also assessed muscle protein synthetic rates directly by determining the incorporation rate of 13 C-labeled phenylalanine in the mixed muscle protein pool. Our results show that protein co-ingestion substantially increases muscle protein synthesis during exercise, with mixed muscle protein synthesis rates averaging 0.088±0.012 vs 0.060±0.004 %·h -1 in the CHO+PRO and CHO experiment, respectively (P<0.05; Figure 3B ). It should be noted that the choice of the precursor pool, i.e. plasma or muscle free phenylalanine enrichment, can have a substantial impact on the calculated muscle protein synthesis rates. Therefore, we also calculated muscle protein synthesis rates based on the muscle free phenylalanine enrichment (Table 3 ). The latter resulted in similar findings (0.104±0.015 vs 0.072±0.004 %·h -1 , respectively), which did not reach statistical significance (P=0.088). We generally prefer the use of plasma enrichment data for precursor pool enrichment because we feel that multiple plasma samples collected throughout the exercise session give a better estimate of the changes in precursor enrichment over time than the enrichment in the muscle free amino acid pool, which is only measured prior to and immediately after exercise.
In contrast to previous studies investigating subjects in the overnight fasted state, subjects in the present study were investigated in a postprandial state. The latter might explain why the fractional muscle protein synthesis rates during exercise are quite similar to protein synthesis rates observed previously during post-exercise recovery (12, 20, 34). Dreyer et al (14) reported lower muscle protein synthesis rates during resistance type exercise, when compared to rest and post-exercise recovery. The apparent discrepancy might be explained by the fact that subjects in the present study were investigated in the fed state, and ingested carbohydrate with or without additional protein during exercise. In accordance, previous work from our lab has
shown that co-ingestion of protein prior to resistance type exercise enables the mTOR signal transduction pathway to be activated during exercise (19). Furthermore, reduced endogenous amino acid availability from the gut and/or intramuscular free amino acid pool in the overnight fasted state could likely attenuate the exercise induced increase in muscle protein synthesis rate.
To increase the practical relevance of the study, we investigated our subjects in a fed state, i.e. during exercise performed in the evening after a full day of standardized dietary practice. To prevent potential flaws in the applied methodology due to large perturbations in circulating plasma amino acid concentrations, we started the exercise session 3 h after ingesting the last meal. Furthermore, during the exercise protocol we administered carbohydrate or carbohydrate-protein beverages every 15 min to allow a more continuous supply of glucose and amino acids from the gut. The latter prevented perturbations in plasma amino acid concentrations ( Figure 1 ) and enrichments ( Figure   2 ) throughout the latter stages of exercise.
Protein co-ingestion during exercise substantially augmented muscle protein synthesis rates ( Figure 3B) Values are expressed as means ± SEM.
Table 2
Plasma amino acid responses.
CHO ( Values are expressed as means ± SEM; CHO, carbohydrate only; CHO+PRO, carbohydrate plus protein; AA, amino acid; Data were analyzed with a paired sample T-test; Plasma AA enrichments represent the average plasma AA enrichment during exercise; Muscle AA enrichments represent the AA enrichment in the muscle biopsy taken after 2 h of exercise; 8 enrichment muscle protein represents the increment in muscle protein enrichment from 0 to 2 h of exercise. 
